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Computer-assisted interpretation of the exercise electro-
cardiogram has been advocated to improve the accuracy
of diagnosing coronary artery disease. Its accuracy was
compared with a blinded visual interpretation of exer-
cise-induced ST depression in 271 consecutive subjects
without prior myocardial infarction who were referred
for coronary angiography. The sensitivity of the visual
and computer readings was 0.51 and 0.51, respectively,
at a specificity of 0.87. Receiver operating characteristic
curves were generated for the visual and computer ST
depression iri lead V5' Analysis of the areas under these
curves showed no significant difTerence between them,
indicating that computer-assisted analysis was not su-
Computerized analysis of exercise electrocardiograms has
been increasingly applied for the diagnosis of coronary ar-
tery disease (1-14). Though some investigators (14) have
shown improved accuracy of computer analysis in the pre-
diction of severe angiographic disease, there have been few
large prospective comparisons of computer analysis of ex-
ercise-induced electrocardiographic changes and unmodi-
fied visual analysis of these changes in subjects without
prior myocardial infarction . This investigation compared the
sensitivity and specificity of computeri zed exercise electro-
cardiographic analysis with a technician' s visual recording
of the ST segment change for the prediction of angiographic
disease.
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perior to unmodified visual analysis. A slmilar Dfiillysis
was applied to two other computer indexes reported to
be superior to visual assessments(treadmill exercisescore
and ST index). These computer indexes were not su-
perior to a conventional visual analysis of leads I, 11,
V2, V4 and V5 in predicting severe disease (>50% lu-
minal narrowing).
These results suggest that computer-assisted inter-
pretation does not improve the accuracy of exercise
electrocardiography in diagnosing coronary artery dis-
ease in subjects without prior myocardial infarction.
(J Am Coil CardioI1987;lO:794-9)
Methods
General approach. This investigation was designed to
meet all seven methodologic criteria outlined by Philbrick
et al. (15) and to avoid workup bias, diagnostic review bias ,
test review bias and incorporation bias as defined by Ran-
sohoff and Feinstein (16). Subjects with historical or electro-
cardiographic evidence of prior myocardial infarction were
excluded , since their inclusion can falsely increase the ac-
curacy of exercise testing in discriminating between subjects
with and without disease (17), and the great majority of
these subjects are known to have severe obstructive coronary
disease before testing. Most of the electrocardiographic vari-
ables were measured and coded as continuou s rather than
as discrete variables. For example, the ST segment depres-
sion was measured and recorded to the nearest 0.1 mm (0.0 1
mV), rather than as normal or abnormal by some arbitrary
criterion. This allows the study of different end points and
the construction of receiver operating characteristic curves
(18) that facilitate comparisons of different methods of test
analysis. For example, the specificity at an end point of I
mm ST depression measured by a conventional visual anal-
ysis could be calculated, and the results for a computer
variable could be searched to find an end point that gives
that same specificity. Sensitivities can then be compared at
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these end points of equal spec ificity. By repeatin g this pro-
cess for end points of low and high speci ficity , one can
detect differences in sensitivity that might not be apparent
if all data were compared with only one end point of the
conventional visual reading.
Study sample. Between May 1981 and June 1984,423
patient s without a history or electrocardi ograph ic evidence
of myocard ial infarction were referred to a group of six
part icipatin g card iologi sts at our institut ion for the angio-
graphic evaluation of suspected coronary artery disease. Of
these, 144 were excluded from the protocol because they
refused to undergo testing or had known or suspected seve re
valvular or cardiomyopathic disease , unstable angina, se-
rious arrhythmia, left bundle branch block , extreme obesit y
or orthopedic or neurologic conditions precluding perform-
ance of a symptom-limited treadmill test. Informed consent
was obtain ed from the 279 remaining subjects, and both
they and their angiographers agreed that the test results
would influence only postcatheterization medical or surgical
management and not the decision to perform an angio-
graphic exa mination. Despite this , a breach in the research
protocol resulted in eight subjects (3%) not undergoing car-
diac catheterization becau se they were considered to have
a very low probability of severe coronary artery disease on
the basis of their exercise test results .
All 27 1 subjects underwent exe rcise electrocardiograph y
within 24 hours of coronary arteriography. Beta-receptor
blockin g agents and other antianginal preparations were dis-
con tinued 24 hours before exercise testing .
Exercise test protocol. All subjects underwent the tread-
mill exercise test according to the Bruce protocol. Exercise
was terminated becau se of fatigue, dyspne a, hypotension
or progressive angina. Mod ified 12 lead electrocardiograms
were record ed in subjects at rest, every 3 minutes durin g
exercise , at peak exercise and every 2 minutes during re-
covery using a Mason Likar lead system.
Coronary angiography. On the day after exercise test-
ing, selective coronary arteriographic exa mination was per-
formed. Multiple projection s of each vesse l were obtained .
The radiographic exposure factors used for cineangiography
were 300 rnA, 75 to 95 kY and a 5 rns pulse width. An-
giographic images were recorded on Kodak CFX film for
subsequent review.
Conventional visual electrocardiographic interpreta-
tion. ST segment depre ssion at rest and at peak exerci se
was analyzed by an observer who did not know the results
of the angiographi c examination . The vertica l distance be-
tween the middle point of the PR segment and the ST seg -
ment 80 ms after the J point was measured to the nearest
0 . 1 rnm (0.0 1 mY) using a ruled device and lens in leads
L aYF, Y2 , V4 and v: The values for ST segment depres-
sion were averaged over three to five complexes for each
lead and recorded. This method has been described and its
accuracy verified (19).
We defined the conventional method of interpretation as
fo llows: any ST depression (negative deflection) present in
the five rest electrocardiographic lead tracing s (I , aYF, V2,
Y4 and Y5) were subtracted from the ST depression (negative
deflection ) in the corresponding exercise lead tracings . The
two variables chosen for analysis were the ST difference
(exercise versus rest) in lead Y5 and the maximal difference
for the five leads just listed. The method ignored the ST
elevation that occurred in two of our patients with seve re
coronary artery disease , both of whom had >2 mrn ST
depression in other leads.
Interpretation of the coronary arteriogram. Coron ary
arteriograms were interpreted by experienced angio graphers
who were not directly involved with the study and were
unaware of the exercise test results . A coronary artery was
considered to be severely stenosed if > 50% occlusion of
its internal luminal diameter was observed .
Computer electrocardiographic variables. The com-
mercially available microprocessor and its software used
were the Marquette CASE I. Thi s system accepts analog
signals, filters and digit izes them and measures ST depre s-
sion based on averaged template beats. The system prints
out a final report after the test is compl eted , which gives
an estimate of the ST depression at rest, every 3 minutes
during exercise , at peak exe rcise and every 2 minute s during
recovery. The maximal ST index (depression + slope) and
curves of ST depression and slope versus time in leads aVF
and Y5 are also report ed (Fig. I).
The computer variables chosen for study were the f ol-
lowing: I ) ST segment depre ssion in lead Y5 relat ive to rest ,
that is , (Yo [peak exercise I - Yo [restl ); 2) maximal ST
index ( 12) achieved throughout exercise and recovery (max-
imal [ST depression + ST slope] in Yo and aYF); and 3)
the area formula or treadmill score devel oped by Hollenberg
et al. (20) , that is , [area under ST and slope curves (Yo +
aYF)]/(exercise duration x % maximal predicted heart rate).
The area under the ST and slope curves (Fig. 1) was
determined by a blinded observer who counted the I mm
x I rnm boxes under the curves . The curves were generated
using the computer's estimate of the depression relative to
baseline (PR segment) of a point 80 rns after the J point.
Statistical analysis. The sensitivit ies and speci ficities of
the blinded technician finding any of the exercise-induced
depressi ons (?0.5 mm, ? 1.0 mm, ? 1.5 rnm and ? 2.0
mm) in any of the five leads (I, aYF, Y2 , Y4 and Yo) were
computed. The results of the computer analysis for pat ients
without coronary artery disease were searc hed to find the
endpoint values that produced a speci ficity equivalent (or
as close as possible given the finite sample sizes) to that of
the specificities deri ved from the conventional ST data. The
sensitivities of these computer variables were compared with
those of the blinded technic ian using McNemar' s test. Re-
ceiver operating chara cteristic curve s and the significance
of the differences in area under them were calculated for
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Figure 1. Output report of the Marquette CASE 1 microprocessor
and software shows plots of ST segment and slope versus time
(exercise and recovery) in leads aVF and Vo. ELEVIDEP = el-
evat ion/depression .
the conventional and the computer analyses using the uni-
variate Z score test of Metz et al. (21).
Results
Clinical and angiographic results. Of the 271 patients
in the study sample, 185 (68%) were men and 86 (32%)
were women . The mean age of the patients was 54.4 ±
9.0 years (range 29 to 77). Among these patients , 129 (48%)
had typical anginal chest pain , 122 (45%) had atypical an-
gina and 20 (7%) had no chest pain.
Of the 27 1 patients, 122 (45%) had at least one > 50%
luminal obstruction of a major coronary branch. Seventy-
three (27%) had such obstructions in more than one vessel
(multi vessel disea se) , 33 (12%) had triple vessel disease and
II (4%) had left main coronary artery disease . All of the
latter subjects had > 50% obstruction of at least one other
major coronary artery .
Exercise performance. One hundred and eighty-seven
(70%) of the 27 1 subjects achieved at least 85% of their
maximal predicted heart rate . The mean peak heart rate was
150 ± 15 beats/min . The mean rate-pre ssure product was
25, 200 ± 672 mm Hg-beats/rnin.
Conventional visual interpretation versus computer
interpretation for lead V5' The sensitivity of the blinded
observer's interpretati on using 1.0 mm ST depression in
lead Yo relative to rest was 0.51; the specificity was 0.86.
The sensitivity of the computer system' s analysis of ST
depression in this lead relative to rest was 0.51 at a spec-
ificity of 0 .87 . For 1.5 mm ST depression in lead Y~, the
blinded observer achieved a sensitivity of 0.36 at a speci-
ficity of 0.93 . The microprocessor ' s sensitivity at a speci-
ficity of 0 .93 was 0.40. The difference between these two
sensitivities was not significant (p = 0.15).
Figure 2 shows the receiver operating characteristic curves
of sensitivity versus false posit ive rate for lead Y5 . Though
the area under the curve for the conventional visual inter-
pretation was slightly higher than that for the computer, this
difference was not significant (p = 0.2 3).
Conventional maximal difference versus the maximal
ST index and area formula. Figure 3 shows the sensitiv-
ities of the blinded observer 's finding I and 1.5 mm ST
depression relative to rest in any of the five leads (I , aYF,
Y2 . Y4 and Y5) and the sensitivities of the maximal ST
index and the area formula at equ ivalent specificities ; The
area formula was significantly less sensitive than the visual
interpretation at a specificity of 0.71, corresponding to an
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Figure 2. Plots of sensitivity versus false positive rate (receiver
operating characteristic curves) for unmodified visual observation
(UVO) and computer-assisted interpretation (CAl) of ST depres-
sion in lead V; relative to rest.
ST depression of 1.0 mm. The other differences in sensi-
tivity were not significant. Figure 4 shows the receiver op-
erating characteristic curves of sensitivity versus the false
positive rate for the three variables. The area under the curve
for the visual interpretation was slightly but not significantly
greater than that under the curves for the ST index and area
formula (p > 0.15).
without prior myocardial infarction and then tested the best
variables on a test set of 86 patients, 43 of whom had
angiographically proven severe coronary artery disease. It
is not clear from the results of that comparison of the two
methods that either method is superior. Ascoop et al. (14)
and Hollenberg et al. (20) did not exclude patients with
prior myocardial infarction from their study groups. The
former investigators found an unusually low sensitivity (28%)
for the visual interpretation of the electrocardiograms using
a criterion that affords 100% specificity. It is not surprising,
therefore. that their best computer variable had superior
accuracy. Hollenberg et al. (20) reported a superior accuracy
for the area formula or treadmill exercise score in a relatively
small group of subjects, some of whom had prior infarction.
No test for statistical significance was reported. Sketch et
al. ( I) concluded that the computer interpretation was as
good but not better than the visual interpretation of the
exercise electrocardiogram. Recently. a modified form of
the area formula has been reported (22) to be more specific
than the visual interpretation of I mm ST depression 80 ms
after the J point. This last investigation. however, involved
only 10 patients who had coronary angiography.
Though some of the cited results suggest a superior ac-
curacy for the computer interpretation, there is no convinc-
ing evidence that any computer is more accurate than a
careful human observer in interpreting electrocardiograms.
The results of our own investigation, in fact, indicate that
computer-measured ST depression. ST index and area for-
mula are not superior to the careful measurements of a
Figure 3. Sensitivities of the unmodified visual interpretation of
exercise-induced STdepression, thearea formula and maximal ST
index at specific ities approximating 0.71 and 0.85. Neither of the
three methods is clearly superior. Asterisks indicate statistical
significance .
_ UNMODIFIED
[::):::::)::::1 AREA FORMULA
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Discussion
The last 25 years have seen an explosion in the appli-
cation of computer technology to electrocardiographic inter-
pretation. With the advent of microprocessor technology in
the last 10 years, computer-assisted interpretation of rest
and exercise electrocardiograms has become commonplace.
Several investigators (14,20,22,23) have claimed that the
computer is more accurate than the visual interpretation of
the tracings. One method of clinically validating this tech-
nology is to compare its results with those of coronary
angiography. Though the use of coronary angiography for
validation has its drawbacks, it is still the reference test for
coronary artery disease, and several investigators
(1,2,14,20,22) have applied it to the validation of comput-
erized electrocardiographic interpretation. The large varia-
bility in the reports of the accuracy of the exercise electro-
cardiogram (15) demands that claims of superior accuracy
be confi rmed by comparative studies (computer versus vis-
ual interpretation) on the same patients. We found fi ve re-
ports of such comparisons of the two methods of interpre-
tation in the same group of patients who had diagnostic
coronary angiography (Table I). Simoons (2) found the most
predictive computer variables using a training set of subjects
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Figure 4. Plots of sensitivity versus false
positive rate (receiver operating character-
istic curves) for the unmodified visual ob-
servation (UVO) of STdepressions in any of
five electrocardiographic leads relative to rest ,
the area formula(computer-assistedinterpre-
tation[CAl] area) and themaximal STindex .
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trained individual in predicting obstructive coronary artery
disease.
Possible limitations. The care used in the visual inter-
pretation of the tracings in the present investigation may
explain some discrepancies between our results and those
of other comparative studies. The technician reading the
electrocardiograms took between 15 and 30 minutes per
patient when making the evaluation. Because technician
time is valuable, this would argue against the use of such
a detailed examination in a busy laboratory. It is, of course,
possible that other variables not included in our computer's
analysis (for example, ST integral and linear combinations
of ST segments from different leads) might have shown
superior accuracy. Simoons (2) and others (24) have shown
that heart rate-adjusted ST depression values are more ac-
curate than are the unmodifiedST changes. These can easily
be determined without computers (19).
Role of computer processing. Computer processing of
exercise electrocardiographic signals offers advantages other
than increased accuracy. Speed in data analysis and manip-
ulation and long-term storage of large quantities of data
make this technology worthwhile, even if improved accu-
racy is not achieved. Efforts should continue for the im-
provement of computer algorithms used to process and ana-
lyze the exercise electrocardiographic signals.
The editorial assistance of Eleanor Georges is deeply appreciated .
Table 1. Reported Sensitivity and Specificity of Visual and Computer Interpretations of Exercise-Induced
Electrocardiographic Changes
Reference
2
14
19
21
Visual Interpretation
Total No. Infarction
(criterion 0.1 mY at peak) Computer Interpretat ion
(with disease) excluded Sensitivity Specificity Criterion Sensitivity Specificity
86 Yes 0.51 0.95 0. 1 mY at peak, lead Ys 0.65 0.84
(43)
60 No 0.28 1.00 0.035 mY at peak, lead Ys 0.67 0.95
(39)
70 No 0.75 0.82 Area formula 0.85 0.91
(59)
107 Yes 0.59 0.92 ST integral 0 .54 0.96
(59)
10 Yes 1.00 0 R wave-adjusted area formula 1.00 1.00
(I)
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